Platelet reactivity in patients on acetylsalicylic acid (ASA) therapy can be influenced by physiological or pathological conditions affecting ASA pharmacokinetics or pharmacodynamics. The mechanism of such variability in the therapeutic response to ASA, particularly in diabetic patients, is poorly understood. The rate of elimination of ASA and its metabolite, salicylic acid (SA), is likely a major factor determining drug efficacy. The objective of this study was to investigate the effect of genetic polymorphisms in the selected candidate genes within the ASA metabolic pathway on the platelet reactivity and concentration of ASA and thromboxane A 2 (TxA 2 ) metabolites in a population of patients with type 2 diabetes mellitus (T2DM).
Background
Acetylsalicylic acid (ASA) inhibits platelet aggregation through irreversible acetylation of platelet cyclooxygenase (COX)-1 and subsequent inhibition of the metabolism of arachidonic acid (AA) into thromboxane A 2 (TxA 2 ), a potent vasoconstrictor and aggregating agent [1] . ASA is an effective inhibitor of platelet TxA 2 production, nevertheless is often considered as a relatively weak platelet inhibitor. Moreover, platelet reactivity in patients on ASA therapy can be influenced by physiological or pathological conditions affecting ASA pharmacokinetics or pharmacodynamics. The mechanism of such variability in the therapeutic response to ASA, particularly in diabetic patients, is poorly understood [2] [3] [4] [5] [6] . The rate of elimination of ASA and its metabolite, salicylic acid (SA), is likely a major factor determining drug efficacy. It is possible that an increased hydrolysis of circulating ASA, which corresponds to faster elimination of the drug from the circulation by degradation into SA and acetate, may cause an altered response to ASA, and thus an increased platelet reactivity [6, 7] .
Oral bioavailability of ASA is approximately 50% because a substantial fraction of the administered dose is inactivated. ASA is rapidly deacetylated to SA in the liver, and to a lesser extent in the stomach, before entering the systemic circulation by a nonspecific human carboxylesterase 2 (HCE2) [8] .
Other enzymes involved in ASA metabolism include 3 major enzymes: UDP-glucuronosyltransferase 1A6 (UGT1A6), xenobiotic/medium chain fatty acid: CoA ligase (ACSM2B), and cytochrome P450 2C9 (CYP2C9) [9] . Hydroxylation of SA, a minor metabolic pathway, is accomplished by cytochrome CYP2C9 to form gentistic acid, whereas UGT enzymes convert SA to glucuronides [salicyl acid phenolic glucuronide (SAPG) and salicyl acid acyl glucuronide (SAAG)], and salicyluric acid (SUA) phenolic glucuronide (SUAPG) after glycine conjugation [10] . Another ASA minor metabolite, salicyluric acid, is formed from salicylic acid, ATP, and coenzyme A in a reaction catalyzed by ACSM2B ( Figure 1 ) [9] . Therefore, glucuronides represent a substantial proportion of ASA metabolites [10] .
Several genetic variants that result in altered enzyme activity have been identified in the UGT1A family [11, 12] . Polymorphisms within the genes coding for these enzymes may play a significant role in ASA pharmacokinetics and pharmacodynamics. The amino acid changes (T181A) and 184 (R184S) result in a 30-50% reduced enzyme activity compared with the wild-type allele [13] . The variant alleles for CYP2C9 (R144C and I359L) also produce enzymes characterized by only 5-30% of the activity of the wild-type enzyme [14] .
The aim of this study was to determine whether changes in PFA-100 collagen/epinephrine closure time (CEPI-CT) and/or collagen/adenosine-'5-diphosphate (ADP) closure time (CADP-CT) and/or VerifyNow aspirin reaction units (ARU) are associated with SNPs in the candidate genes associated with ASA metabolism in a population of patients with T2DM. Our study represents a novel attempt to evaluate the platelet-related activity of the majority of known SNPs reported in ASA metabolism-associated genes in an exclusively diabetic population.
Material and Methods

Patient population and study design
The local ethics committee of the Medical University of Warsaw approved both the study protocol and the informed consent form. The study was conducted in accordance with the current version of the Declaration of Helsinki at the time when the study was designed, and informed written consent was obtained from all patients. The study subjects were recruited consecutively from patients with T2DM participating in a multi-center, pro- study, presenting to the outpatient clinic of the Central Teaching Hospital of the Medical University of Warsaw. The full characterization of the study population, including the inclusion and exclusion criteria, were published previously [15] . Briefly, 304 subjects with T2DM were recruited who at the time of enrollment had been taking ASA tablets at the dose of 75 mg per day for at least 3 months for primary or secondary prevention of myocardial infarction (MI). Clopidogrel or antiplatelet drugs other than ASA were not used in any of the investigated patients. All patients had been taking oral antidiabetic agents and/or insulin for at least 6 months; diet-controlled diabetic patients were not included. Compliance with ASA therapy was determined at study entry based upon the patient's own statement and serum thromboxane B 2 (S-TxB 2 ) level measurement.
Blood sample and assay procedures
Blood samples were collected in the morning after an overnight fast and 2-3 hours after the last ASA dose. Blood was obtained from the antecubital vein, and the initial 2 ml of blood were discarded to avoid spontaneous platelet activation. Blood was drawn into tubes containing 3.2% sodium citrate for VerifyNow measurements and 3.8% sodium citrate for PFA-100 measurements. All blood samples were processed within 2 h of collection. Whole blood for S-TxB 2 was allowed to clot at 37°C for 1 h before separating serum by centrifugation. Serum was obtained from venous blood by centrifugation at 1000 g for 15 min at 4°C, and aliquots were stored at -80°C for further analysis.
HPLC method for determination of ASA and its metabolites in plasma
The concentration of ASA and its metabolites in plasma was measured by the method described by Krivosikova et al [16] . A high-performance liquid chromatograph system (Knauer, Germany) was equipped with a UV variable wavelength diode array detector and C18 reverse phase column 150×3.9 mm (Waters). The mobile phase consisted of water-85% phosphoric acid-butanol-tetrabutylamoniumhydroxide-methanol (134:1:1:63). The flow rate was 0.9 ml/min, the system was heated to 45°C, and the wavelength of detector was set at 237 nm. Salicylic acid, gentisic acid (GA) (Sigma), and salicyluric acid (SUA) (all from Roth) were used as calibration standards. The chromatograms analysis was performed with ClarityChrom Software (Knauer, Germany) [16] .
The concentration of functional epitope of the vWF molecule (vWF: Ag) was measured in citrate plasma samples using an enzyme immunoassay kit according to the manufacturer's instructions (vWF Activity Kit, American Diagnostica Inc., USA).
S-TxB 2 concentrations were also measured with an enzyme immunoassay kit according to the manufacturer's instructions (EIA kits, Cayman Chemicals, Ann Arbor, MI, USA). Each lot of TxB 2 EIA kits was tested for the impact of interferences. The correlation of results in 3 dilutions of 5 random samples was assessed, as was proposed in the kit protocol. The decision to use the assay without purification was taken after analysis of results because differences of results did not exceed 20%. Samples with results outside the standard curve were re-assayed with appropriate dilutions. An optimal compliance was confirmed by S-TxB 2 levels below 7.2 ng/mL in all patients as described previously in a diabetic population by Mortensen et al. [17] .
A first morning urine specimen was collected and brought in by the patient within 2 h of collection. The samples were collected into tubes containing indomethacin and then were stored at -80°C for further analysis. Urinary 11-dh-TxB 2 concentrations were measured using an enzyme immunoassay kit according to the manufacturer's instructions (EIA kits, Cayman Chemicals, Ann Arbor, MI, USA) after extraction and purification on SPE (C18) columns (Waters Associates, Milford, MA, USA), and data were normalized for urinary creatinine concentration.
Analysis of platelet functions
Platelet reactivity was measured with VerifyNow Aspirin Assay (Accumetrics, San Diego, CA, USA) and PFA-100 assay (DadeBehring International, Inc., Newark, DE, USA). These assays were performed as described in detail previously [15] . Based on our own and other previous reports, we used 3 different cut-off values for high platelet reactivity in the CEPI-CT assay, but we did not specify such a point for collagen/adenosine diphosphate (CADP)-CT. In the first approach, adequate platelet inhibition with ASA was defined as CEPI-CT ≥165 s, and in the second as CEPI-CT ≥193 s (the manufacturer's suggested lower limit of the normal range for aspirin-free healthy controls) [18] . The maximum CT given for PFA-100 is 300 s and is equivalent to non-occlusion [19] . Thus, patients with CEPI-CT values ≥300 s were defined as an alternative population with adequate platelet inhibition [20] . According to the manufacturer, ARU ≥550 indicates no effect of ASA on platelet aggregation, whereas ARU <550 indicates platelet dysfunction due to inhibition of the COX1-dependent pathway [21] .
DNA extraction, quality control, and quantification DNA was obtained from frozen whole blood samples stored until the time of analysis using the membrane ultrafiltration method using a Fuji MiniGene 80 extractor (FujiFilm Life Sciences, distributed by Autogene, Holliston, MA, USA). DNA concentrations were determined spectrofluorometrically using a PicoGreen dsDNA Quantitation Reagent Kit (Molecular Probes Inc., Eugene, OR, USA).
Individual SNP genotyping
Genotyping was performed at Children's Hospital Boston using a custom Sequenom iPLEX assay in conjunction with the Mass ARRAY platform (Sequenom Inc., La Jolla, CA, USA). One panel of SNP markers was designed using Sequenom Assay Design 3.2 software.
Statistical analysis of results
Power analysis
We planned a prospective, observational study of diabetic patients treated with ASA. Hardy-Weinberg equilibrium was evaluated using the 2-tailed chi-square test. The primary analysis used the 2-tailed chi-square test followed by univariate logistic regression with genotypes for each SNP as dependent variable, and VerifyNow ARU >550 phenotype (high on ASA platelet reactivity) as binary independent variable. The logistic regression procedure enabled us to estimate the log of the odds ratio (OR), a measure of the increase in odds of experiencing VerifyNow ARU >550 for subjects carrying the variant compared to the wild-type subjects. We obtained a 95% confidence interval around this estimate and the p value for the OR. The p value was compared with the pre-defined cutoff for statistical significance (alpha =0.05/number of investigated SNPs and outcome phenotypes =0.0028 because of nominal alpha level 0.05 corrected by Bonferroni method for 13 simultaneously analyzed polymorphisms and 5 outcome phenotypes). Given the expected population incidence of VerifyNow ARU>550 in the investigated diabetic population of approximately 20%, average allele frequency of minor allele 0.2, alpha level =0.0028, and the power of 0.8, the study needed at least 280 subjects to detect clinically significant OR=3 for experiencing VerifyNow ARU>550 in carriers of the minor allele.
Statistical calculations
The statistical analyses were performed using IBM-SPSS ver. 19 and Stata (Stata Corporation, College Station, TX) software.
Deviations from Hardy-Weinberg equilibrium (HWE) were calculated using the chi-square test. The recorded clinical data, when normally distributed in the analyzed group of patients, are presented as mean and SD, and non-normally distributed data are presented as medians and interquartile range (IQR).
We compared the distribution of predefined cut-off values for both assays (i.e., CEPI-CT for PFA-100 [<165 s, <193 s and <300 s] and ARU for VerifyNow [<550]) using exact chi-square statistics and distribution of medians (i.e., CEPI-CT and CADP-CT for PFA-100 and ARU for VerifyNow) among all genotypes of successfully genotyped SNPs for each of 3 genotypes (i.e., homozygotes for minor allele, heterozygotes and homozygotes ); SBP -systolic blood pressure; DBP -diastolic blood pressure; CAD -coronary artery disease; MI -myocardial infarction; ACE -angiotensinconverting enzyme; HGB -hemoglobin (g/dL); HCT -hematocrit (%); WBC -white blood cells (10 3 /mm 3 ); PLT -platelet count (10 3 /mm 3 ); MPV -mean platelet volume (fL); eGFR -estimated glomerular filtration rate (mL/min/1.73); HbA1c -glycosylated hemoglobin (%); hsCRP -high sensitivity C-reactive protein (mg/L); CEPI-CT -collagene/epinephrine closure time (sec.); CADP-CT -collagen/adenosine diphosphate closure time (sec.); ARU -aspirin reaction units; IQR -interquartile range; S-TxB 2 -serum thromboxane B 2 (ng/mL); 11-dhTxB 2 -11-Dehydro thromboxane B 2 (ng/mg Cr); SA -salicylic acid (ng/μl).
for major allele) using the Kruskal-Wallis test. The SNPs were considered statistically significant when p<0.05/30 (i.e., p corrected for multiple comparisons).
The SNPs with nominal statistically significant (i.e., p<0.05 before applying correction for multiple comparisons) differences in the measurements for platelet reactivity (PFA-100 CEPI-CT and VerifyNow ARU) between pre-defined cutoff value for each of 3 genotypes (i.e., homozygotes for minor allele, heterozygotes and homozygotes for major allele) were subjected to further testing based on the dominant, recessive, or additive genetic model by use of the Mann-Whitney test.
Results
From the initially enrolled 304 patients, complete clinical data and blood samples finally became available for 298 patients. Subsequently, 8 patients were eliminated from the analysis based on the suspected ASA non-compliance (S-TxB 2 concentrations >7.2 ng/ml). A further 3 patients were eliminated because of the lack of corresponding biochemical and genotype data. Demographic characteristics, clinical data, and results of platelet reactivity measurements, serum concentrations of S-TxB 2 and SA, urine concentrations of 11-dh-TxB 2 for the remaining 287 patients are summarized in Table 1 .
Genotyping was attempted for 18 initially selected SNPs (Figure 1 ). One SNP genotyped poorly (cut-off <85%) (rs1634312, ACSM2A gene) and 4 SNPs were not included into the final analysis because we found only homozygotes in our population (rs28371685, rs28371686, rs9332131, CYP2C9 gene; rs3893757, CES2 gene). The remaining 17 SNPs genotyped well (>86% success rate) and were in Hardy-Weinberg equilibrium. The summary results of the allele and genotype frequencies for all genotyped SNPs included into the final analysis are summarized in Table 2 .
For each of the successfully genotyped SNPs, we initially compared the corresponding platelet reactivity measurements (i.e., CEPI-CT and CADP-CT for PFA-100 and ARU for VerifyNow), S-TxB 2 and serum SA concentrations and urine concentrations of 11-dh-TxB 2 data between 3 allelic groups (e.g., homozygotes and heterozygotes for minor and major alleles) using the non-parametric Kruskal-Wallis test (Supplemental Tables  1 and 2 ). No statistically significant differences were observed in the platelet reactivity measurements, S-TxB 2 , 11-dh-TxB 2 , or serum SA concentrations for carriers and non-carriers of the investigated SNP variants after correction for multiple comparisons. We did not find any nominal statistically significant results for groups of patients based on predefined cut-off values for platelet reactivity assays (CEPI-CT, CADP-CT, and ARU) ( Tables 3 and 4 , and Supplemental Table 3 ).
Discussion
The present study examined the association between variants in multiple genes related to ASA metabolism in a diabetic population with high ASA platelet reactivity phenotypes during chronic ASA therapy in a homogeneous diabetic population from central Poland. In particular, we characterized a group of SNPs for each gene, selected on the basis of earlier reports [9] [10] [11] 13, [28] [29] [30] . For the assessment of platelet reactivity, we used 3 different "point-of-care" assays that are commonly used in the evaluation of platelet reactivity.
We successfully genotyped 17 informative, common SNPs within 5 genes related to metabolism of ASA: 5 SNPs in ACSM, 4 SNPs in UGT1A6, 5 SNPs in CYP2C9, and 3 SNPs in CES2. We found no association between SNPs in candidate genes and measured platelet reactivity, metabolites of AA (i.e., S-TxB 2 , 11-dh-TxB 2 ), and ASA metabolite (i.e., SA) in a population of patients with T2DM. These findings suggest these genetic variations have no major effect of on inter-individual differences in the platelet reactivity related to ASA metabolism in the T2DM population.
We successfully genotyped 4 SNP within the UGT1A6 gene associated with the amino acid substitution in the position 7 (rs6759892), 105 (rs1105880), 181 (rs2070959), and 209 (rs28371685). However, we failed to genotype another important SNP -rs1105879 -that causes amino acid substitution in position 184. N -number of carriers for each genotype; S-TxB 2 -serum thromboxane B 2 (ng/mL); 11-dhTxB 2 -11-Dehydro thromboxane B 2 (ng/mg Cr); SA -salicylic acid (ng/μl); * P using chi-square test for differences between 2 analyzed genotypes for each SNP. Variability in glucuronidation activity among ASA users is probably a result of specific expression levels and/or functional polymorphisms present in the UGTs catalyzing the conjugation of salicylic acid. To date, polymorphisms in many of the UGT enzymes have been identified [29] . UGT1A6*2 contains 2 missense mutations in exon 1 that result in T181A and R184S amino-acid substitution. These substitutions may be critical for ASA efficacy and are associated with altered enzyme function [12, 22] . Allele frequencies of 17-33% for this variant in predominantly Caucasian populations have been reported [11, 13] . An association with decreased risk of colorectal adenoma has been described among patients on ASA therapy with a UGT1A6 variant allele [10, 14, 23] . Consistent with these findings, Ciotti et al (1997) demonstrated that UGT1A6 was able to catalyze the glucuronidation of salicylic acid, with expressed UGT1A6*2 demonstrating a 2-fold lower salicylic acid glucuronidation compared with UGT1A6*1 [11] .
The effects of inter-individual differences in UGT1A6 and CYP2C9 genotypes on ASA metabolism have been described in colon adenoma [15] . Moreover, impairment in CYP2C9 metabolism contributes to risk of developing gastrointestinal complications with aspirin use [24] . Although many variant alleles within the CYP2C9 gene exist, most of these are uncommon or do not cause a relevant effect on enzyme activity [25] . It should be also noted that great inter-ethnic and intra-ethnic variability were observed in the frequencies of SNPs for common CYP2C9. We genotyped 3 SNPs that cause the amino acid substitution in position 360 (rs28371686), 273 (rs9332131), and 335 (rs28371685) that are associated with decreased drug metabolism. However, in our cohort, only homozygotes for major allele were found for all of them.
When compared to other genes described in this study, the observed variability in the ACSM2B gene is extremely low. Other ACSM2 genes have been identified and, because the enzymes encoded by these genes may participate in the glycine conjugation of salicylic acid, a relevant effect of SNPs affecting these genes cannot be ruled out [9] . Because no common and functionally significant non-synonymous SNPs have been described to date, it is not surprising that we did not observed any association with studied phenotypes.
ASA is predominately hydrolyzed by HCE2. CES2 appears to have very little genetic variation, with the majority of reported SNPs occurring in intronic regions [26] . In Japanese subjects, Data are shown as median and interquartile range (IQR); * P using Mann-Whitney (MW) test for differences between 2 analyzed genotypes for each SNP; ASA -acetylsalicylic acid; N -number of carriers for each genotype; MAF -minor allele frequency for each analyzed SNP in investigated cohort.
Supplemental
a total of 21 SNPs within the CES2 gene were identified, but some of them are infrequent in the studied population [27] . Marsh et al identified 10 SNPs in a European population, but only 3 of them have minor allele frequency (MAF) >0.025 [26] . In our study, we found 2 SNPs within CES2 with MAF >0.025 (rs8061994 and rs58407626), but we found all studied genotypes (homozygotes for minor allele, heterozygotes and homozygotes for major allele) only for rs8061994.
The lack of observed association between investigated SNPs in the ASA metabolism-pathway and platelet function phenotypes, AA metabolites, and ASA metabolites in our study could be explained by the limited number of investigated variants, which are only a small fraction of all previously reported variants within selected genes associated with ASA metabolism. It is possible that the selected variants could, in fact, be involved in the 
